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TECHNICAL  NOTE  2229 

THE  EFFECT  OP  END  PLATES  ON  SWEEP  WINGS  AT  LOW  SPEED 
By  John  M.  Rle'be  and  James  M.  Watson 


SUMMARY 


An  investigation  ifas  made  in  the  Langley  300  MEH  7-  "by  10-foot 
timnel  to  detezmine  the  effects  of  various  sizes  and  shapes  of  end  plates 
on  the  aileron  characteristics  and  on  the  aerodynamic  characteristics  in 
pitch  and  yav  of  a  wing  of  aspect  ratio  2  with  no  taper  and  a  sweephack 
of  45°  aad  of  a  wing  of  aspect  ratio  4,  taper  ratio  0.6,  and  sweephack 
of  46.7°*  Free-roll  characteristics  were  obtained  with  two  end-plate 
configurations  on  a  wing  of  aspect  ratio  3^  taper  ratio  0.6,  and  a 
sweephack  of  35°  in  order  to  determine  the  effect  of  end  plates  on 'wing 
dancing  in  roll. 

The  addition  of  the  end  plates  to  the  swept  yings  increased  the 
lift-curve  slope,  reduced  the  maximum  lift-drag  ratio,  generally 
decreased  the  Tnay-tnnTTn  lift  coefficient,  and  increased  the  longitudinal 
stability  sli^tly  in  the  low  lift  coefficient  range. 

The  variation  of  wing  effective  dihedral  with  lift  .coefficient  was 
reduced  hy  increase  in  end-plate  size.  The  effective  dihedral  at  zero 
lift  could  he  changed  from  positive  to  negative  hy  lowering  the  end 
plates.  The  directional  at.ahiii-hy  of  the  swept,  wings  was  increased  with 
Increase  in  end-plate  area  and  with  rearward  movement  of  the  end  plates. 

The  flap-type  aileron  and  spoiler-aileron  effectiveness  increased 
with  the  addition  of  end  plates  to  the  swept  wings;  however,  the  ‘increase 
of  the  wing  dancing  in  roll  may  reduce  the  rolling  effectiveness  for  some 
end-plate  configurations.  In  addition,  end  plates  located  helow  the  wing 
chord  line  reduced  the  adverse  yaw  of  flap-type  ailerons. 


INTRODUCTION 


Theoretical  and  experimental  investigaticnis  on  unswept  wings  and 
tail  surfaces  (for  example,  references  1  to  3)  have  indicated  that  the 
addition  of  end  plates  will  generally  isgrove  the  wing  aerodynamic 
efficiency.  The  use  of  end  plates  idiich  acted  as  a  harrier  to  the  span- 
wise  flow  along  the  outboard  portion  of  the  span  and  around  the  tips  of 
airfoils  resulted  in  Increased  lift-curve  slopes,  less  induced  drag, 
and  higher  maximm  lift  coefficients. 
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The  application  of  end  plates  to  sv^tback  'wings  has  been  considered 
as  a  possible  means  of  o'vercoming  some  of  the  laterals  stability  diffi¬ 
culties  (such  as  large  changes  in  effecti've  dihedral  with  lift  coefficient) 
and  o'fcher  adverse  effects  (such  as  reduced  lift-curve  slope,  maximum  lift, 
and  aileron  effectiveness)  that  result  -throu^  the  use  of  sweepback  in 
wings. 

The  present  p^er  presents  the  results  of  a  low-speed  investigation 
made  in  the  Langley  3OO  MPH  7-  by  10-foot  tunnel  to  de-fcermlne  the  effects 
of  plates  having  various  sizes  and  ^apes  on  the  stability  and  con- 
•tarol  ch^acteristics  of  several  swept  ■wings,  For  the  most  part,  the 
results  axe  for  end  plates  on  a -wing  of  aspect  ratio  2  wi-t^h  no  t^er  and 
a  siTeepback  of  45°  wi-Qi  limited  results  for  two  other  swept  ■wings  of 
aspect  ratios  3  snd.  4, 

The  results,  in  general,  include  ■the  longi'fcudinal  s'bability, 
lateral  stability,  and  lateral  con-fcrol  characteristics  as  affected  by 
end-plate  size,  sh^e,  and  location.  The  lateral  control  characberistics 
include  results  for  both  flap  and  spoiler  ailerons,  and  results  of  a 
free-roll  Investigation  of  two  end-plate  configurations  on  a  wing  of 
aspect  ratio  3^  taper  ratio  0,6,  and  35°  sweepback  to  determine  ■the 
effect  of  end  plates  on  ■wing  dating  in  roll. 


SYMBOLS 


The  forces  and  moments  measured  on  the  wings  (fig.  l)  are  presen'fced 
about  the  stability  axes,  which  intersect  at  the  center-of -moment  posi¬ 
tions  shown  in  figures  2,*  6,  and  9-  Z-axis  is  in  the  plane  of 

symmetry  pe3:pendlcular  "to  "the  relati've  "wind,  the  X-axis  is  in  the 
plane  of  symme-fcry  and  perpendicular  -fco  the  Z-axis,  and  the  Y-axis  is 
mutually  perpendicular  "to  the  X-axis  and  Z-axis  (fig.  l) . 


Cl 

The  symbols  used  are  as  follows: 

lift  coefficient  (L/qS) 

Cd 

drag  coefficient  (D/qS) 

cy 

lateral-force  coefficient 

(tAs) 

Cl 

rolling-moment  coefficient 

(L'/qSb) 

Cm 

pitching-moment  coefficient  (M*/qSb) 

Cn 

yawing-moment  coefficient 

(H/q,Sb) 
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L  lift  of  model,  pounds  (-Z) 

D  drag  of  model,  pounds  (-X  when  ^|f  ss  0°) 

y  force  aljQTig  Y-axis,  pounds. 

X  force  a1.ong  X-axis,  pounds 

Z  force  along  Z-axis,  pounds 

L*  rolling  moment  about  X-axis,  foot-pounds 

M'  pitching  moment  about  Y-axis,  foot-pounds 

N  yawing  moment  about  Z-axis,  foot-pounds 

L/D  lift-drag  ratio 

q  free-streem  dynamic  pressure,  pounds  per  square 

foot 

p  rate  of  roll,  radians  per  second 

S  wing  area  (6.00  square  feet  on  wing  model  of  aspect 

ratio  2,  3.17  square  feet  on  wing  model  of  aispect 

ratio  3«  2.25  square  feet  on  wing  model  of  aspect 

ratio  4) 

Sg  lateral  area  of  both  end  plates,  square  feet 

c  wing  mean  aerodynamic  chord  (1.73  feet  on  wing  model 

of  aspect  ratio  2,  1.05  feet  on  wing  model  of  aspect 
ratio  3.;  and  0.765  foot  on  wing  model  of  aspect 
ratio  4) 

c  wing  tip  chord 

b  wing  span  (3.46  feet  on  wing  model  of  aspect  ratio  2, 

3.09  feet  on  wing  model  of  aspect  ratio  3^  and  3.00  feet 
on  wing  model  of  aspect  ratio  4) 

h* 

V 


P 


effective  hei^t  of  end  plate  (Se/2c),  feet 

air  velocity,  feet  per  second 

mass  density  of  air,  slugs  per  cubic  foot 


u 
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a 

8a 

A 

M 

R 

a 

M 

A 

A* 

X 

A 

pb/2V 


angle  of  attack  of  chord  line  at  root  of  models  degrees 
angle  of  yaiH’j  degrees 

aileron  deflection^  measured  in  a  plane  perpendicular  to 
the  hinge  axlSj  degrees 

increment  in  coefficient  due  to  end  plates 

Mach  number  (V/a) 

Reynolds  number  (pYC/ji) 

speed  of  sounds  feet  per  second 

coefficient  of  absolute  viscosity^  slugs  per  foot»second 
vlng  aspect  ratio  (b^/sj 
effective  vlng  aspect,  ratio  with  end  plates 
taper  ratio  (Tip  chord/Root  chord) 
sveep  angle  of  quartern-chord  line 
ving-tip  helix  angle^  radians 

coefficient  of  dsziq)ing  in  roll 

« 
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Wing  of  aspect  ratio  2."  The  angle-of-attack  and  the  drag  data  have 
been  corrected  for  Jet-boundary  effects  according  to  the  methods  out¬ 
lined  In  reference  4  for  mswept  -wings;  as  can  be  seen  from  reference  5^ 
there  is  little  effect  of  sweep  on  the-  Jet-boundary  effects.  Blockage 
corrections  -were  applied  to  the  test  data  by  the  method  of  reference  6, 
The  data  have  been  corrected  for  the  effects  of  the  model  support  strut 
by  the  use  of  tare  corrections  determined  for  the  wing  without  end  plate. 

Wing  of  aspect  ratio  Blockage  corrections  -were  applied  to  the 
test  data  by  the  method  of  reference  6.  A  rnnan  tare  correction  because 
of  bearing  friction  has  been  spiled  to  the  free-roll  results  In  the 
foim  of  an  Increment  of  dancing- In-roll  coefficient  equal  to  -0.005- 

Wing  of  aspect  ratio  4.-^  The  angle-of -attack  and  the  drag  data  have 
been  corrected  for  Jet-boimdary  effects  according  to  the  methods  out¬ 
lined  In  reference  k. 


jMDDEL  and  apparatus 


wing  of  aspect  ratio  2.-  The  45°  sweptbfiick  wing  model  of  aspect 
ratio  2  fflg.  2}  was  momted  horizontally  on  a  single  strut  In  the 
Langley  300  MEH  7-  by  10-foot  tunnel  (fig.  3)-  IChe  untapered  wing  had 
NACA  64A010  airfoil  sections  normal  to  the  -wing  leading  edge  and  had 
neither  twist  nor  dihedral.  The  wing,  \4iich  was  'constructed  of  wood, 
had  rounded  tips  -vdilch  were  removed  forward  of  the  aileron  hinge  line 
for  the  In-vestlgation  with  end  plates. 
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The  end  plates  investigated  vere  constructed  of  ^  -  inch  sheet 

o 

duralunin  vlth  rounded  edges  to  the  dimensions  j^om  in  figure  4.  A 
cutout  *vras  made-  in  the  trailing  edge  of  each  end  plate  to.aUoif  for 
deflection  of  the  outboard^  half-semispan^  0.2^chord^  plain,  sealed 
aileron. 


The  stepped  spoiler  ailerons  investigated  vere  constructed  of 

^..inch  aliTmiTinm  angles  'Hhich  vere  fastened  to  the  ving  ixpper  surface 
o 

as  sho-wn  in  figure  5  fliid  projected  8  percent  of  the  ving  chord.  This 
configuration  corresponded  to  one  of  the  more  prcmdsing  stepped-spoiler 
configurationB  for  this  ving  plan  form  (unpublished  data). 

Wing  of  aspect  ratio  3.  -  The  .35°  sweptback  ving  model  of  aspect 
ratio  3  ^d  tap^  ratio  xised  for  the  free-roU  investigation  is 
^ovn  in  figure  6.  The  ving  vas  si^poziied  by  a  sting  extending  forvard 
into  the  test  section  from  a  vertical  strut.  A  schematic  draving  of 
the  support  system  and  rolling  apparatus  is  shovn  in  figure  J,  The 
azLQlje  of  attack  of  the  model  vas  changed  by  varying  the  angle  of 
incidence  of  the  ving  relative  to  the  ating.  Rolling-moment  data  vere 
obtained  by  an  electrical  strain  gage  vlth  the  sting  restrained  in  roll. 
When  the  model  vas  permitted  to  roll  freely  under  the  moment  created  by 
the  deflected  aileron,  the  rate  of  roll  vas  recorded  electrically. 

The  ordinates  of  the  symmetrical,  12-percent-thlck  airfoil  section 
of  the  35°  ffweptback  ving  are  given  in  table  I.  The  model  vas  con¬ 
structed  of  steel  and  the  tvo  end  plates  vere  constructed  of  J  -  inch 

o 

aluminum  sheet  vith  rounded  edges.  The  model  vas  equipped  vlth  an  out¬ 
board  flap-type  aileron  vlth  sealed  gap. 

Wing  of  aspect  ratio  4.-  The  46.7°  sweptback  ving  of  aspect  ratio  4 
and  tapac*  ratio  0.6  vas  tested  on  a  sting-mounted  electrical  strain-gage 
balance  (fig.  8) .  The  sting  vas  attached  to  a  single  strut  vhich  varied 
the  angle  of  attack  and  angle  of  yav  of  the  model.  The  ving  remained  in 
the  center  of  the  test  section  at  various  angles  of  yav  but  vas  dis¬ 
placed  vertically  at  various  angp^s  of  attack. 

Dimensions  of  the  ving,  vhich  had  WA^JA  6^AD06  airfoil  sections, 
of  the  end  plates  investigated  on  this  ving  are  given  in  figures  9  and  10, 

respectively.  The  end  plates  ware  constructed  of  inch  or  ^  -inch 

duralumin  vlth  rounded  or  beveled  edges. 


TEBJ13 


The  condi.tlons  and  t^pee  of  tests  made  on  the  three  vlngs  In  the  Langley  300  MPE  7-*^y 
lO-foot  tunnel  are  as  foUovs: 


Condition  or 

Wing 

type  of  test 

Aspect  ratio  2 

Aspect  ratio  3 

Aspect  ratio  4 

a 

100 

i45 

110 

M 

0.27 

0.32 

0.28  ■ 

R 

3.2  X  10^ 

2.3  X  ID^ 

1.84  X  10^ 

a  a  -6^  to  stall 

O.  e  -60  to  24° 

Lateral  stahility 

f 

ijf  B=  0°  and  5° 

r  ijf  B=  5®  *-5® 

r  ijf  =  50  .and  -5° 

Directional  stahility 

a  B  -€P  to  stall 

0  *1  /^0  __  j  *1  «^0 

ua  =  J  0'*^  ttUU  JLW- 

-O.Od  -wing  chord  projection 

a  a  6.5° 

e  n  eO  ^  1«0 

Spoiler  allerozia 

fa  =  0.3°,  3.5°,  and  6.5° 

Free  roll 

1  8a  »  -15°  to  9.l^o 

KAOA  TN  2229 
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EESUI/TS 


The  results  are  presented  In  the  foUoving  figures; 


Flgiare 


Aeroflynamlc  characteristics  in  pitch . 11 

Lateral-stahility  parameters . ' . 12 

Fl€^-*type-aileron  characteristics . 13 

Stepped-spoiler-alleron  characteristics . ik 

Variation  of  with  end-plate  size . 15 

Variation  of  with  end-plate  size . l6 

Variation  of  with  lift  coefficient . 17 

Variation  of  ( —  J  with  end-plate  size . ;  l8 

\D/iaax 


Variation  of  with  end-plate  size  .  .19  and  20 

Variation  of  Cn^  and  at  Cp  =  0.5  with  end-plate 


size . 21  and  22 

Variation  of  Pn5^  a  =  0°  with  end-plate 

size . 23 

due  to  aileron  deflection . 2k 

Variation  of  ph/2V  with  aileron  deflection . 25 

Variation  of  (pb/2V)5„  with  a  . 26 


The  slopes  presented  in  the  figures  were  taken  over  a  lift-coefficient' 
range  of  about  ±0,1,  an  angle-of -attack  range  of  ±2°,*  an  aileron- 
deflection  range  of  ±10°  or  0®  to  lOO,  and  a  yaw  range  of  0°  to  5°* 
(For  the  wing  of  aspect  ratio  4,  the  values  of  (presented  in 

fig.  15)  were  detezmined  from  lateral-stability  tests  made  throu^  an 
angle-of -attack  range  .at  5®  angle  of  yaw;  however,,  a  few  tests  made  at 
0°  angle  of  yaw  showed  that  angles  of  yaw  had  little  effect  on 

the  incremental  values  of  ) 

DISCUSSION 

Aerodynamic  Characteristics  in  Fitch 


Lift-curve  slope.-  The  addition  of  end  plates  to  either  the  wing 
of  a^ect  ratio  2  or  aspect  ratio  4  increased  the  lift-curve  slope  in 
the  low  lift-coefficient  range  (figs.  11  and  15).  A  con^arison  of  the 
increase  in  lift-curve  slope  for  the  swepthack  wings  with  end  plates 
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obtained  from  i^e  experimental  data  of  this  investigation  and  that 
obtained  from  imswept-.-wing  end-plate  iiieory  (reference  7)  with  the  use 
of  reference  8  shows  good  agreement  (fig.  1^).  It  can  be  seen  that 
the  increments  In  Ci^  due  to  end  plates  decrease  as  the  wing  aspect 

ratio  is  increased  for  a- given  value  of  h*/b  -but  are  relatively  inde¬ 
pendent  of  end-plate  eOxape.  This  is  as  would  be  ejq)ected^  since  the 
laieory  of  reference  7  Indicates  that  regardless  of  wing. aspect  ratio 
■ttie  increase  in  A^/A  is  dependent  on  end-plate-height  -  wing-span 
ratio  and  equal  increases  in  A'/A  result  in  smaller  increases  in  CLq, 
at  the  hi^er  aspect  ratios  (r^erence  8)  • 

The  increases  in  lift-curve  slope  (fig.  15)  represent  Increases  in 
effective  aspect  ratios  of  about  1.8  for  the  wing  of  aspect  ratio  2  and 

3.6  for  "ttie  wing  of  aspect  ratio  4  at  values  of  —  «  0.5. 

b 

A  coii5)arison  of  the  results  of  this  Investigation  of  swept  wings 
the  results  of  unsw^t  wings  (reference  3)  indicates  similar  changes 
in  and  A*/A  with  h*/b  for  values  of  h*/b  less  than  0.5;  for 

values  greater  than  0.5>  however,  ilie  unswept-wing  data  indicate  that 
Hie  changes  in  and  A*/A  are  less  than  those  predicted  by  Hie 

theory  of  reference  7.  It  would  be  expected,  therefore,  that  further 
increases  in  end-plate  size  on  swept  wings  would  give  further  increases 
in  Cj^,  but  that  the  increases  would  probatjly  be  less  than  those  pre¬ 
dicted  from  the  theory  of  reference  7.  Wlsag  taper  ratio  ml^t  be 
expected  to  have  an  effect  on  ACi^  for  a  given  value  of  h*/b  for 

wings  having  fairly  hi^  taper.  The  results  of  this  investigation 
Indicate  that  the  effects  of  taper,  if  any,  are  very  small  for  the  range 
of  mpdel  geometry  used. 

The  results  of  Hits  Investigation  indicate  that  the  lift-curve 
slope  of  a  swept  wing  with  end  plate  can  be  satisfactorily  predicted 
from  the ‘theory  for  end  plates  on  unswept  wings  ip  to  a  value  of  h*/b 

of  0.5. 


Itoxlmum  lift  coefficient.-  The  maximum  lift  coefficient 
■ims  generally  decreased  by  the  addition  of  end  plates  to  the  45^^nffwept- 
back  wing  of  aspect  ratio  2  (figs.  11  and  16).  This  decrease  is  opposite 
to  the  effect  found  on  unswept  wings  (fig.  16)  vhexe  Increases  in  CLm^v 
generally  resulted  from  Installation  of  end  plates. 

End  plates  located  below  Hie  wing  chord  plane  were  found  to  have 
less  adverse  effect  on  the  values  of  than  the  same  end  plates 

located  above  the  chord  plane.  In  fact,  three  of  the  end  plates  tested 
below  Hie  chord  plane  (a  triangular  ead  plate,  a  semicircular  end  plate. 
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and  a  45°  swepfback  end  plate,  all  extending  c/2  iDelow  the  chord 
plane)  had  a  negligible  effect  on 

Drag  coefficient. »  The  drag  coefficients  of  the  45°  sweptback  ving 
of  aspect  ratio  2  irere  generally  Increased  by  the  addition  of  the  various 
end  plates  to  the  "wing,  except  in  the  Intermediate  lift-coefficient  range 
of  about  0.4  to  0.8  -tdiere  -Uie  reduction  in  Induced  drag  restiltli^  from 
the  Increase  in  vlng  effective  aspect  ratio  exceeded  the  drag  of  the  end ' 
plates  (fig.  U).  Ccm^arlng  the  incremental  drag  coefficients  estimated 
for  unswept  vings  by  the  method  of  reference  1  vlth  the  experimental 
values  for  the  swept  wings  of  aspect  ratios  2  and  4  (fig.  17)  shows  very 
similar  trends.  For  the  calculations,  a  skin-friction  drag  coefficient 
of  0.011  was  assumed  for  the  end  plates.  The  estimations  show  that  very 
little,  if  any,  drag  reduction  can  be  expected  below  lift  coefficients 
of  about  0.4.  The  con5)arison  is  limited  to  lift  coefficients  yxp  to 
about  0.6  since  the  lift  curves  (fig.  11)  indicated  a  nonlinear  variei- 
tion  of  lift  coefficient  with  angle  of  attack  at  hi^er  values  of  Cj^. 
Abcrre  values  of  Ox,  s  0.8  the  data,  in  general,  show  Increases  in  drag 
coefficient  when  the  end  plate  is  eidded  to  the  wing. 

Tuft  studies  of  some  of  the  end  plates  of  the  present  Investigation 
^owed  that  there  was  unsteady  flow  on  the  surface  of  the  end  plate. 

This  unsteady  flow  developed  at  intermediate  angles  of  attack  and 
gradually  became  more  msteady  as  the  angle  of  attack  was  increased. 

The  disturbed  flow  was  generally  more  prevalent  on  the  outboard  surfaces 
of  the  end  plate.  It  is  believed  that  more  careful  design  of  the  airfoil 
section  of  the  end  plate  could  result  in  more  favorable  drag  character¬ 
istics  at  the  higher  lift  coefficients. 

The  reduction  In  drag  coefficient  was  less  for  the  swept  wing  of 
aspect  ratio  4  than  for  the  swept  wing  of  aspect  ratio  2  (fig.  17). 

These  results  are  consistent  witti  ttie  trend  Indicated  in  reference  1 
and  correspond  to  the  previously  noted  condition  vherein  larger  incre¬ 
ments  of  lift-cicrve  slope  were  obtained  on  the  wing  of  aspect  ratio  2 
than  on  the  wing  of  aspect  ratio  4  with  the  addition  of  end  plates  of 
a  given  area  ratio.  (See  fig.  15.) 

The  change  in  the  values  of  for  the  wing  of  aspect 

ratio  2  generally  had  some  scatter  with  end-plate  aize  and  shape 
(fig.  18);  however,  the  values  of  (L/l>)inax  generally  decreased  with 
Increases  in  end-plate  area  ratio.  Inspection  of  figure  11  ^ows  that 
(L/D)jnax  occurs  at  lift  coefficients  less  than  about  0.3.  The  results 

(fig.  17)  Indicate  that  imless  the  end-plate  drag  is  very  small  no 
appreciable  gains  In  (L/D)^flv  can  be  expected  since  there  is 

Increase  in  drag  coefficients  due  to  the  end  plate  for  lift  coefficients 
below  0.4. 
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Longltu^lrial  stability.  Hie  eiddltion  of  end  plates  to  the  svrept- 
hack  ving  of  aspect  ratio  2  resulted  in  an  increase  in  the  longitudinal 
stability  of  the  wing  ,in  the  0.1  to  0.65  lift-coefficient  range  (fig.  11). 
Hie  diift  in  aerodynamic  center  varied  almost  linearly  with  end-^ate 
erea^  the  aerodynamic  center  moving  hack  about  5  percent  mean  aerodynamic 

chord  as  the  end  plate  was  increased  to  ~  Variations  in  end-plate 

shape  and  location  held  only  mnaii  effects  on  the  lohgitudinal  stability. 
Hie  increase  in  longitudinal  stability  of  the  sw^tback  wing  probably  is 
due  to  a  shift  of  the  center  of  pressure  outboard  as  a  resiilt  of  restraint 
of  flow  about  the  wing  tip  with  the  end  plate  in  place. 

Data  obtedned  with  the  sweptback  wing  of  aspect  ratio  4  (not  pre¬ 
sented  herein),  showed  similar  results. 


Lateral  Stability 

Effective  dihedral.-  The  rate  of  change  of  effective  dihedral  with 
lift  coefficient  at  low  lift  coefficients  3C^ySCi,  was  reduced  with 

increase  in  end-plate  area  on  both  ^e  sweptback  wings  of  aspect 
ratios  2  and  4  (figs.  12,  19^  and  20) .  The  reduction  in  hCi^lhCj, 
was  generally  independent  of  end-plate  shape.  The  amall  end  plates 
located  ahead  of  the  tip  chord  (fig.  20)  generally  appeared  to  be  more 
effective  in  reducing  than  end  plates  located  farther  back. 

The  reduction  in  the  values  of  with  increase  in  end^ 

plate  area  can  be  partly  attributed  to  a  side  force  on  the  end  plates. 

As  the  wing  angle  of  attack  inc^reases  the  end  plates  move  downward 
relative  to  the  moment  axis^  and  the  side  force  acting  on  these  end 
plates  produces  a  rolling  moment  opposite  to  that  produced  by  the  wing. 

If  the  value  of  Cy^  (fig.  21)  obtained  in  the  investigation  and  the 
geometric  properties  of  the  wing  of  aspect  ratio  2  are  used,  the  com¬ 
puted  reduction  in  SCj^j3Ci,  due  to  the  end  plates  is  only  about  l/3  the 

reduction  shown  in  figure  Ip.  The  remaining  reductions  in 

loay  have  resulted  from  the  end  plates  causing  separation  and  loss  of 

lift  on  the  leading  wing  and  reducing  the  tip  losses  on  the  trailing 

wing. 


The  value  of  the  wing  effective-dihedral  parameter  at  zero 

lift  was  dependent  icpon  the  end-plate  area  and  icpon  the  distribution  of 
end-plate  area  above  and  below  the  wing- tip  chord  line  (figs.  12,  19, 
and  20) .  Positive  increments  in  resulted  from  placing  the  end- 

plate  area  above  the  wing  chord  line  and  negative  increments  were 
obtained  Then  the  end-plate  area  was  added  below  the  chord  line.  This 
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change  in  -with  end-plate  position  results  from  the  side  force  of 

the  end  plate  (figs.  21  and  22)  acting  above  and  helov  the  chord  line 
and  ainounted  to  an  Increment  of  of  about  0.003  idien  an  end  plate 

S  ' 

of  =  0,5  was  placed  either  above  or  below  the  chord  line  on  the 
S 

TrTng  of  aspect  ratio  2. 

The  maxhnum  effective  dihedral  was  obtained  on  both  the  wing  of 

aspect  ratio  2  (fig.  12)  and  aspect  ratio  4  at  moderate  lift  coefficients 
and  the  values  of  e:diiblted  the  same  trends  with  increase  In  .end^ 

plate  area  as  were  exhibited  at  zero  lift  (figs.  19  and  20).  Unpublished 
data  indicate  that  an  Increase  In  Refolds  number  to  values  corresponding 
to  fli^t  would  Increase  the  maximum  effective  dihedral  by  extending  the 
raj^e  of  linear  variation  of  with  Cl  to  hl^er  lift  coefficients 

and  would  t!hus  delay  and  possibly  decrease  the  reversal  tendencies 
of  e^diibited  by  most  of  the  wing  and  wing-end-plate  combinations 

at  the^low  Reynolds  numbers  of  the  present  Investigation. 

Yawing-moment  coefficient.-  The  plain  wings  of  aspect  ratios  2  and 
had  approximately  neutral  directional  stability  O)  over  the 

lift-coefficient  range  (figs.  12  and  21).  An  increase  in  directional 
stability  (Cn*  becoml^  more  negative)  occurred  with  increase  in  end- 
plate  area;  this  effect  was  reasonably  independent  of  end-plate  location 
above  and/or  below  the  wing  chord  line.  This  fact  is  indicated  by  the 
data  of  figures  21  and  22,  -^dilch  are  for  a  lift  coefficient  of  0.5 
also  generally  applied  to  the  variation  of  Cnijr  with  end-plate  area 

throughout  the  lift-coefficient  range  (fig.  12) .  The  data  of  figure  21 
also  show  an  effect  of  forrrard  and  rearward  location  of  a  given  end- 
plate  area  on  the  values  of  Cn^;  this  effect  results  from  a  change  in 

the  moment  arm  between  the  Tdlng  center-of-moment  position  and  the  center 
of  pressure  developed  on  the  end  plate  at  angles  of  yaw. 

Side-force  coefficient.-  The  variation  of  Cy^  with  Cl  was 

negligible  throughout  the  lift-coefficient  range  for  an  end-plate  con¬ 
figurations  on  the  wing  of  aspect  ratio  2  (fig.  12).  Increase  in  end- 
plate  size  resulted  in  larger  positive  changes  of  Cy^  for  the  swept 
wings  of  both  aspect  ratios  2  and  4;  this  effect  appeared  fairly  inde¬ 
pendent  of  end-plate  shape  (figs.  21  and  22). 


Aileron  Characteristics 

Flap-type  ailerons.  -  For  most  of  the  wing  end-plate  configurations 
on  the  swept  wing  of  aspect  ratio  2  the  rolling-moment  coefficients 
produced  by  the  aileron  were  largest  at  low  angles  of  attack  (fig.  13)  • 
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The  aileron-effectiveness  parameter  Increased  ■vAien  the  area  of  end 

plates  vas  increased  (fig.  23)  and  generally  became  more  effective 

'Hhen  the  end-plate  area  vas  concentrated  near  the  vlng  trailing  edge* 

One  of  the  most  promising  end  plates  v&b  the  triangular-^^ed  end  plate 
■which  had  a  value  of  af  0®  angle  of  attack  (0.0013)  almost  equal 

to  that  of  the  maximum  obtained  with  any  of  the  end  plates  in  the 
investigation  and  yet  had  a  relatively  small  end-plate  €u:ea  (fig.  23). 

The  ■wing  with  end  plates  having  area  only  above  the  ■wing  chord  line 
had  positi-ve  values  of  One.,  idiereas  the  vlng  vlth  end  plates  having 

'  area  only  belov  the  wing  chord  line  had  negative  values  of  Cnsa  23). 

For  a  given  end-plate  ah£q)e  and  position^  increasing  the  end-plate  area 
resulted  in  an  increase  in  the  magnitude  of  the  values  of  Cngs,.  One 

of  the  largest  positive  and  one  of  the  largest  negative  -values  of  CnSg^ 

were  produced  by  the  ■wing  with  the  relatively  gman  triangular  end  plate 
located  abo-ve  and  below  the  -wing  chord  line,  respectively. 

Analysis  of  yawing-moment  data  obtained  from  aileron  tests  made 
throu^  an  angle-of-attack  range  (but  \dxlch  are  not  presented  herein) 
has  Indicated  that  the  reversal  in  Cng^  as  -the  end  plate  vas  shifted 

from  above  the  wing  chord  line  to  below  the  vlng  chord  line  resulted 
primarily  from  a  change  in  lateral  force  on  the  end  plate.  With  end 
plates  located  above  the  -wing  chord  3Jne,  down  deflections  of  the  ri^t 
aileron  resulted  in  side  force  in  the  negati-ve  direction  on  the  ri^t 
end  plate  because  of  the  increased  negative  pressure  abo^ve  the  vlng. 
Positi-ve  yawing  moment  on  -the  -wing  resulted  because  the  center  of  pres¬ 
sure  of  -the  end  plate  vas  behind  the  center  of  moments  of  the  -wing.  . 

Wi-th  an  end  plate  located  below  -the  wing  chord  line,  down  deflections 
of  the  rl^t  aileron  resulted  in  negati-ve  yawing  moment  because  of  -the 
increased  positive  pressure  below  -the  -wing  and  the  positive  side  force, 
With  ailerons  located  on  both  wings  the  effects  mentioned  above  would 
be  additive.  For  exan^le,  -with  end  plates  located  below  the  wing  chord 
line,  a  negative  ya-wing  moment  would  be  produced  from  down  deflection  of 
the  right  aileron  and  also  from  up  deflection  of  the  left  aileron. 

Roller  ailerons.-  At  angles  of  attack  below  approximately  l6°,  the 
addition  of  the  circular  end  plate  -to  the  swept  wing  of  aspect  ratio  2 
increased  the  spoiler-aileron  effectiveness  substantially  (approximately 
a  75-percent  increase  at  a  =  0®),  (See  fig.  1^.)  The  increased 
effectiveness  of  the  spoiler  aileron  probably  resulted  from  the  increased 
effecti-ve  aspect  ratio  and  correspondingly  hi^er  lift  developed  by  the 
wing-end-plate  combination.  Above  l6®  an^e  of  attack,  -vAiere  the  lift 
of  the  wing  with  end  plates  vas  less  than  that  of  the  plain  -wing,  the 
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effectiveness  of  the  spoiler  aileron  on  the  plain  ving  was  greater  than 
on  the  ving  vith  end  plates  (fig.  l4). 

Above  2°  angle  of  attack^  in  the  region  'v^ere  the  end  plates  had 
a  favorable  effect  on  C2,  the  value  of  Cn  produced  by  the  spoiler 
ailerons  vas  reduced  -vdien  the  end  plates  vere  added  to  the  ving.  The 
yavlng  moments  vere  unfavorable  for  the  ving  vlth  the  circular  end 
plates  (fig.  l4)  above  an  angle  of  attack  of  17°  • 


Rolling  Characteristics 

The  addition  of  the  end  plates  to  the  45°  sveptback  ving  of  aspect 
ratio  2  resulted  In  Increases  in  C2q  j  hovever,  the  ving  damp±ng-±n-roll 

coefficient  C2p  may  Increase  at  a  greater  rate  vith  the  addition  of 

the  end  plates  than  did  C2e  and  thus  result  in  lover  values  of  pb/2V. 

®a 

In  order  to  Investigate  this  effect,  a  .f ev  static-roll  and  free-to-roll 
tests  vere  made  on  a  roll  rig  (fig.  7)  of  a  35°  sv^tback  ving  of  aspect 
ratio  3  (fig.  6) .  One  of  the  end-plate  configurations  tested  on  i^e  . 

35°  sv^tback  ving  vas  similar  to  that  tested  on  the  '45°  sveptback  ving 
of  aspect  ratio  2  vith  Triilch  the  largest  value  of  Ci^  vas  obtained. 

For  the  other  end-plate  configuration  investigated  on  this  ving,  the 
i^iper  half  of  the  aforementioned  end  plate  vas  removed.  The  flap-type 
aileron  on  the  35°  sveptback  ving  did  not  extend  to  the  ving  tip; 
therefore,  no  cutout  vas  made  in  the'  end  plate  to  pezmit  the  aileron  to 
deflect  -  as  vas  necessary  on  the  45°  sveptback  ving  of  aspect  ratio  2*. 
The  plaln-ving  data  for  the  35°  ^^tback  ving  presented  herein  vere 
obtained  by  extrapolating  some  tmpubllshed  data  obtained  in  the  Langley 
hl^-^eed  7-  'by  10-foot  tunnel  at  hl^  subsonic  Mach  numbers.  These 
data  obtained  at  hl^  Mach  nimibers  vere  readily  extrapolated  to  the  Mach 
number  of  the  present  investigation  because  they  varied  linearly  vith 
Mach  number  at  all  except  the  highest  Mach  numbers.  « 

Results  of  the  static-roll  tests  of  the  35°  sveptback  ving  at 
a  s=  6.5°  vith  and  vithout  the  tvo  aforementioned  end-plate  configurations 
flhov  some  nonlinearity  of  C2  vith  eiileron  deflection  for  the  ving  vith 
end  plates  (fig.  24) .  The  value  of  C2g  determined  from  figure  24 

resulted  in  similar  aileron-effectiveness  trends  vith  end  plates  as  the 
data  obtained  on  the  45°  sveptback  ving  of  aspect  ratio  2  over  the  same 
deflection  range  (figs.  13  and  23). 

The  effect  of  the  tvo  end-plate  configurations  on  the  variation 
of  pb/2V  vith  aileron  deflection  vas  determined  tram,  free-roll  tests 
at  an^Les  of  attack  of  0.3°^  3.5°^  and  6.5°.  The  variation  of  pb/2V 
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over  the  aileron-deflection  range  is  linear  (fig. '  25) .  The  param¬ 
eter  (ph/2V)5^  was  reduced  hy  the  addition  of  the  end  plates  throu^- 

out  the  angle-of -attack  range  tested;  this  reduction  in  (ph/2V)5^ 

varied  little  with  end-plate  area  (figs.  25  and  26)  for  these  two  end^ 

plate  configurations.  Althou^  Increased  with  end-plate  area. 

—a 

the  dancing- In-roU  coefficient  C^p  Increased  at  about  the  same  rate^ 
as  shown  by  values  of  Ci^  confuted  from  the  data  of  figures  24  to  26, 

(-O.305  for  the  plain  wing,  -O.365  for  the  wing  with  the  sweptback  end 
plate  located  below  the  wing  chord  line,  and  -O.436  for  the  aweptback 
end  plate  located  above  and  below  the  wing  chord  line) .  The  C^p  values 

were  determined  from  the  relation^ip 


Cl  = . -El- = . 

^  p-b/2V  (p-b/2V)8^ 

The  values  of  CZp  were  computed  for  an  angle  of  attack  of  6.5°  Inasmuch 
as  no  static  rolling-moment  data  were  obtained  at  any  other  angle  of 
attack.  The  Increase  in  the  values  of  was  proportional  to  end- 

plate  area;  that  is,  doubling  the  end-plate  area  about  doubled  the 
increase  in  C^p. 

As  noted  previously,  the  triangular-shaped  end  plate  of  smaller  area 

than  end  plates  of.  other  ^apes  may  be  utilized  to  obtain  a  given  Increase 

in  CZe  (fig*  23).  Because  the  dancing  .in  roll  is  shown  to  vary  with 
Oa 

end-plate  area,  the  triangular  end  plate  should  result  in  a  smaller  incre¬ 
ment  of  CZp.  It  may  therefore  be  possible  for  low-aspect-ratio  swept¬ 
back  wings  with  end  plates  of  this  type  to  have  about  the  same  or*  larger 
values  of  (pb/2V)6g^  as  those  of  plain  wings. 

Ui^ubli^ed  data  from  a  free-roll  investigation  made  in  the  Langley 
300  MPH  7-  by  lX)-foot  tunnel  actually  did  show  a  very  sli^t  Increase 
in  (pb/2V)5^  i^en  a  small  end  plate  was  attadied  to  a  sweptback-wing 

model  with  the  end-plate  area  concentrated  near  the  aileron.  The  wing 
receiving  benefits  from  the  addition  of  end  plates  -  such  as  increased 
lift-curve  slope  or  reduced  variation  of  effective  dihedral  with  lift 
coefficient  -  would  thus  not  be  penalized  by  reduced  rolling  power. 
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CONCLUDING  RIMARKS 


An  Investigation  was  made  In  the  Langley  300  MPH  7-  "by  10-foot 
tunnel  to  determine  the  effects  on  aileron  characteristics  and  on  wing 
c^iaracteristics  In  pitch  and  yovr  of  Tarlous  sizes  and  ^apes  of  end 
plates  on  several  sveptback.vlngs. 

•fhe  addition  of  end  plates  to  sweptbadc  wings  Increased  the  lift- 
curve  slope  In  the  low-lift-coefficlent  range.  (Oils  Increase  In  lift- 
curve  slope  tended  to  Increase  with  end-plate  size  and  could  he  pre¬ 
dicted  from  unswept-wing  end-plate  theory.  The  end  plates  also  generally 
decreased  the  wift-yiTniTm  lift  coefficient^  decreased  the  maximum  lift-drag 
ratio^  and  sli^tly  Increased  the  longitudinal  stability  In  the  low- 
llft-coefficlent  range. 

The  variation  of  wing  effective  dihedral  with  lift  coefficient  was 
appreciably  reduced  by  Increase  In  end-jcdate  size.  The  effective 
dihedral  at  zero  lift  could  be  changed  from  positive  to  negative  by 
lowering  the  end  plates.  The  directional  stability  of  the  swept  wings 
was  Increased  with  Increase  In  end-plate  area  and  with  rearward  move¬ 
ment  of  the  end  plates. 

Althou^  the  end  plates  Increased  the  flap-type  aileron  and  spoiler- 
aileron  effectiveness,  free-roll  teats  showed  that  end  plates  also 
increased  the  dazi^lng  In  roll  and  may  result  In  a  reduction  In  rolling 
effectiveness  for  some  encU-plate  configurations.  In  addition,  end  plates 
located  below  the  wing  chord  line  reduced  the  ^vef  se  yaw  of  flap-type 
ailerons. 


Langley  Aeronautical  Laboratory 

National  Advisory  Committee  for  Aeronautics 

Langley  Air  Porce  Base,  Va,,  August  1950 
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SABLE!  I 

AIKE^IL  SEICTIOU  (BBINASES  OF  35°  SWEETBACK  TOJO 

|a11  dimensions  ±n  percent  of  "vrins  chord  parallel 
to  plane  of  symetry  of  ‘wln^ 
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Figure  1.-  System  of  stability  axes.  PoBltlve  values  of  forces,  moments, 

and  angles  exe  Indicated  137  arrows. 


Plgiure  2«-  Qecsnetric  characteristics  of  the  sv^tback  vlng  of  aspect 
ratio  2  and  taper  ratio  1  -vith  yarious  end  plates.  8  s  6  aquaie  feet. 


Figure  3«-  45°  Bvepfback  vlng  of  aspect  ratio  2  vlth  triangular  end 

plates  loounted  on  single  strut  in  the  Langley  300'MFH  7-*  'by  10- foot 
tunnel.  6a  =  10°. 


(2 
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Figure  Geometric  characterletlce  of  ' 
on  tlie  svepfback  vlng 


Figure  6.-  Gecanatrlc  characteristics  of  the  35°  swepthadt  ving  of  aspect 
ratio  3  and  taper  ratio  0.6(y  vlth  two  end-plate  configu2?ationB. 

8  =  3*17  square  feet. 
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Figure  Schematic  drawing  of  the  free- rolling  atlng  mounted  In  the  test 
section  of  the  Langley  300  ISFH  7-  10-foot  tunnel. 
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Figure  8.-  The  lf6,7^  swepthack  wing  of  aspect  ratio  k  with  end  plates 
mounted  on  sting-halance  system  in  the  Langley  300  MPH  7-  "by  10-foot 
tunnel. 
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Figure  9«“  Geometilc  characteristics  of  the  46.7^  awaptback  ving  of  aspect 
ratio  k  and  taper  ratio  0.60,  8  »  2.25  square  feet. 
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Figure  11. -’Continued. 
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Figure  11.-  Continued. 
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Figure  U,-  Concluded. 


NACA  TN  2229 


Lift  coefficient 


Figure  12.-  Continued. 
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Figure  12.-  Continued. 
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Ilgure  12.-  Continued. 
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Figure  13.-  Continued. 


KACA  TN  2229 


t 


.0! 


End  plate 
Plain  wing 


Cctntlnued. 


Figure  13* -  Continued, 
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Figure  ik,-  Effect  of  an  end  plate  on  the  rolling-  and  yawing-moment 
coefficients  of  the  45®  swepthack  wing  of  aspect  ratio  2  with  stepped 
spoiler  eillerons. 
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(a)  A  =  2;  A  =  45°;  X  =  1.0. 

- - Theoretical  (reference  7) 


(b)  A  =  4;  A  =  46. T°;  X  =  0.6. 

Figure  15#-  ^Ehe  Incremental  lift-curve  slqpes  of  the  vlngs  of  aspect  ratios  2 
and  4  vlth  various  end  plates.  Ct,  -  0. 
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(a)  k=  Z;  h  =  45°5  X  =1.0. 
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(t)  A  =  4;  A  =  46.7°;  1  =  0.6. 

Figure  17.-  The  incremental  drag  coefficients  of  the  wings  with  various  end  * 

plates. 
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Plgui^  23.-  Parameters  CJng  and  C^-  of  tlie  45°  sweptbaclc  wing  of' 

'^sl  '^a 

aspect  ratio  2  with  flap-type  ailerons  and  with  various  end  plates. 


Figure  24.-  Effect  of  two  end-plate  configurationB  on  Cj  resulting  from 
aileron  deflectlcn  on  the  35®  swepthack  wing  of  aspect  ratio  3.  a=  6.5®. 
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Figure  25.-  Effect  of  two  end-plate  configurations  on  the  variation  of  p'b/2V‘ 
with  aileron  deflection  •  of  the  35°  sweptback  wing  of  aspect  ratio  3. 
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Figure  26.-  Effect  of  two  end-plate  configurations  on  (p'b/27)Q  of  the 
^  a 

35  swepfback  wing  of  aspect  ratio  3  in  the  low  angle-of-attack  range 
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